A boxmodel of the Great Lakes is used to estimate meltwater flow into the North Atlantic between 8000 and 14,000 calendar years B.P. Controls on the model include the oxygen isotopic composition of meltwaters and lake waters as measured in the shells of ostracodes. Outflow rates are highest when oxygen isotopic values of the lake waters are most negative, denoting a maximum glacial meltwater component. Flow rates reach maximum values before the onset of the Younger Dryas and after it ends. These maxima appear to be correlative with the major meltwater pulses MWP 1A and lB. Although the resumption of North Atlantic Deep Water formation may be tied to the reduction in ice sheet melting, neither the onset nor the end of the Younger Dryas, as recorded in the Greenland Ice Sheet Project (GISP2) records, appear tied to maxima in meltwater outflow from the Laurentide ice sheet.
in a new approach to estimating the history of freshwater flow into the North Atlantic. In this paper we describe the nature of this model, the data that constrain it, and the estimated timing and volume of freshwater flow into the North Atlantic from about 14,000 to 8,000 calendar years B.P.
Methods

Lake Levels
The large lake level oscillations(-140 m) in the Great Lakes basins has been the subject of numerous studies that integrated the dating of past shore lines and the draining and flooding of small basins surrounding the Great Lakes with an evaluation of the isostatic rebound associated with the withdrawal of the Laurentide ice sheet (summarized by Lewis and Anderson, [ 1989] and Lewis et al., [1994] ). Recent studies of the sediments preserved within the deeper Great Lakes basins have correlated
Oxygen Isotope Data
Previously published oxygen isotope data from the Great Lakes basins [Colman et al., 1990 [Colman et al., , 1994 Figures 1, 3 , and 4 and appendix 2]. Of these, the records from the Huron basin are key, for all meltwaters flowed through this basin (and the contiguous North Channel and Georgian Bay) during the time interval studied.
Timescales
Cores from the Great Lakes basins were correlated using seismic stratigraphy, lithostratigraphy, grain size, and magnetic '  I  '  '  '  '  I  '  '  '  '  I  '  '  '  '  I  '  '  '  '  I  '  '  '  '  I  '  '  '  '   8000  9000  10000  11000  12000  13000 Stuiver and Reimer, 1993] using the atmospheric decadal data set for lake core data and the marine decadal data set (with associated reservoir corrections contained in the program) for marine core data. Ages for individual core samples were interpolated between these converted radiocarbon ages using either linear interpolation or smooth curves (where second-order polynomials fit the data with no reversals in slope and with r values >0.99). Sample spacing for 8180 measurements within individual cores ranged from 5 to -100 years, with occasional gaps of several hundred years where no ostracode shells were preserved.
Having established a consistent timescale in calendar years for all the cores used, we binned the isotopic data from cores in each of the main Great Lakes basins into 50-year intervals in order to begin the modeling effort. Not every 50-year interval of time between 8000 and 14,000 calendar years B.P. is represented in our data set. For many intervals, there is only one data point; however, we feel that for the purposes of modeling this 50-year grouping achieves the goal of high resolution without attempting to model every data point individually. Where two or more 5180 data points were present in a given time interval, both the average and the most negative values were modeled.
Model
The model used to estimate outflow rates in this study is a linked box model as described by Walker [ 1991 ], in which each major Great Lake basin is represented by a box. The volume of each box is equal to the lake basin volume. Inputs to the model are listed in Table 1 , along with the data sources. The lake areas are important in determining the amount of evaporation from the lake surface (expressed in the model in units of cngyr). Lake volumes are critical to estimating the residence time of the waters and the downstream impact of their flow. The watershed area plus the lake area sum to nearly a constant value through time and, given a precipitation rate and evapotranspiration rate (also measured in cm/yr), determine the volume of water received by the lake system from direct rain and snow. Figures 1 and 3a) . It was assumed that the isotopic composition of Lake Agassiz waters derived from these studies was typical of the waters flowing into the Great Lakes either directly from the ice sheet or indirectly through lake basins that were more proximal to the ice sheet. In any given model run, all basins on which the ice sheet fronted were assumed to receive meltwaters directly. As the ice sheet retreated farther to the north, only the northernmost basins (Superior, and at times, northern Huron) received meltwaters directly.
The precipitation rates [Botts and
In each model run the amount of meltwater discharged into the lake system was varied until the isotopic composition of the lake waters calculated by the model matched the isotopic values (Table 3) . It is reasonable to assume that the isotopic composition of the meltwaters coming into the lakes is always more negative than the lake waters themselves because of evaporation from the lake surface and the mixing of isotopically heavier rain water received directly by the lakes. In model calculations the more negative the oxygen isotopic composition of the meltwater relative to Huron 
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Sv. The outflow estimates of this test, plotted as a function of the difference between the estimated isotopic composition of the meltwaters and that of the lake waters ( Figure 6 ), indicate that the biggest impact on the outflow estimate occurs when the isotopic difference between meltwater input and lake water is smaller than 2 to 3%0. The isotopic differences used in our modeled estimates of outflow (Table 3) were generally >2%0 and averaged near 6.7•i. Given the rather scant control on the isotopic composition of Lake Agassiz waters (Figure 3a) , we suggest that our estimates of outflow are accurate within a factor of 2; with larger errors possible during times of peak melting and outflow when the meltwaters derived from Lake Agassiz might reach their most negative values. Clearly, the establishment of a more detailed record of the isotopic composition of Lake Agassiz waters and chronostratigraphies relating the Lake Agassiz and Great Lakes records would be useful in future modeling efforts. The model only accounts for the meltwaters and other drainage that passthrough the Great Lakes system. It does not account for the ice and meltwater that flows directly into the St. Lawrence valley, Labrador Sea, and North Atlantic Ocean. To account for these additional sources of freshwater that fed directly into the North Atlantic, we measured the perimeter of the Laurentide ice sheet as mapped by Mayewski et al., [ 1981 ] , with reference to the drainage pathways described by Teller [ 1990a,b] and Licciardi et al. [1999] . No correction was made for drainage into the Arctic Ocean. The perimeter of the eastern and southern parts of the ice sheet was partitioned into three sections: (1) that which drained into the Great Lakes system, (2) that which drained into the St. Lawrence valley, and (3) that which drained into the Labrador Sea and the North Atlantic. We constructed a ratio of the length of the ice sheet perimeter draining into the St. Lawrence valley, the Labrador Sea and the North Atlantic Ocean to the length of perimeter that feeds through the Great Lakes system. After converting the radiocarbon ages of the reconstructed ice sheet perimeters to calendar ages [Stuiver et al., 1998 ], values for this ratio were interpolated between each of the mapped time intervals to match the modeled time intervals and were multiplied by the outflow rates estimated by the model. This estimated additional outflow was then summed with the modeled outflow from the Great Lakes to arrive at our estimate of total outflow rate. The basic assumption underlying this adjustment is that variation in melting rates derived from our model of the Great Lakes system is representative of the ice sheet as a whole. This is undoubtedly an oversimplified assumption, especially in light of ice streams that must have carried large volumes of ice directly into the Labrador Sea. However, it does provide what is probably a conservative estimate of the total outflow, with pulses of flow tied directly to melt flow through the Great Lakes and constrained by the outline of the ice sheet existing at the time of the modeled interval. 
Results
Comparison of Oxygen Isotope Data From the Great
Outflow From the Great Lakes System
Reasonably small variations in rainfall, evaporation, or evapotranspiration do not have a major impact on the outflow rates computed by the model; however, variation in the isotopic composition of the meltwater input can have a large effect on estimated outflow rates (see section 2). It is interesting to note that some of oxygen isotope measurements for Lake Agassiz waters (Figure 3a and associated references) were more positive than some of the measured oxygen isotope values in the Huron basin (Figure 4) . It is clear from this that the isotopic composition of the meltwaters must have varied considerably, with the most negative values likely to have occurred when the ice sheet was in retreat. (Table 3) were able to approximate closely the oxygen isotopic records of the Great Lake basins ( Figure 5 and Table 3 ), and the highest flow rates calculated by the model are associated with the most negative oxygen isotope values found in the lake records (Figures 5 and 7) . These occurred at times when the ice sheet was melting, deeper pathways were being exposed for drainage to the east, and a comparatively large proportion of the waters passing through the lake system were being derived from the melting of the isotopically very negative glacial ice. The Figure 1 and appendix 2) . When the Laurentide ice sheet collapsed, the proglacial Lakes Agassiz and Barlow-Ojibway and the remaining meltwaters emptied to the northeast through the Hudson straits. We believe that the very negative isotopic values found in the Great Lakes basins represent the final highstand of these very large proglacial lakes, which back flooded into the Great Lakes basins just prior to their release. As in the earlier lake level falls, there are oscillations in both the oxygen isotope composition of shells and sediment grain size that indicate rapid changes in lake levels and meltwater influx that are apparently related to rapid changes in the ice sheet front and the associated drainage pathways. If these very negative isotopic values do result from back flooding, the application of our model to estimate flow rates through the system during this time is inappropriate. The rates estimated serve to emphasize the magnitude of this "last gasp" of the ice sheet, but may not accurately Figures 8 and 9) .
Model runs
When compared to the estimated total outflow rate (Figure 9) , we see no strong correspondence between the/513C record and ............................  • ............... . ß ....... •, .........  o .... ,, ....... s ................... . Figures 8 and 9) 
Although the data are very sparse, there is no indication of negative values of 1513C (less NADW) occurs within an interval of weakening of NADW formation (
Discussion
The isotopic data summarized here, together with the previously published pollen and lithologic data, allow us to piece together a nearly complete isotopic history of waters in the Great Lakes. One of the surprising results of our earlier studies was that the most isotopically negative waters found in the lakes occurred at times when the lake levels were at their lowest (Figure 4c ).
The only plausible explanation is that the rapid draining of the lakes and the dominance of isotopically very negative meltwater in the lake basins had a common cause: the rapid melt back of the ice sheet that both opened deeper passages for drainage and supplied large volumes of meltwaters that passed through the lake basins. The apparent oscillations in lake levels during these overall falls are also consistent with an unstable ice sheet margin that alternately melts back and surges forward. The results of the model runs tend to support this explanation. The meltwater supply and the overall outflow rates are generally higher during the Stanley lowstands than during the Main Algonquin and Mattawa highstands.
There may be a substantial error in our estimates of outflow rates from the Great Lakes system associated with the rather incomplete data on the isotopic composition of waters feeding Lake Huron from the more northern proglacial lakes. However, our sensitivity tests indicate that this error is likely to be within a factor of + 2 of the estimated outflow rate. There is undoubtedly even greater uncertainty in our extrapolation of outflow rates through the Great Lakes basins to the entirety of the eastern and southern parts of the ice sheet, particularly in the older part of the record. Surges of the ice streams that emptied into the far North Atlantic and Labrador Sea could have greatly exceeded our more conservative outflow estimates based on a simple perimeter length relationship. Given these uncertainties, it may be surprising that our estimated outflow rates do reach the magnitudes apparently required to impact NADW formation by the Manabe and Stouffer [ 1997] vertical circulation model. The conversion of both the lake and marine records to the calendar year timescale has been critical to our comparison of these records with that of the GISP2 ice core. We assume that the timescale for the GISP2 ice core is accurate to within a few decades. The conversion of radiocarbon dates to calendar years results in a wider 1-s range of age estimates than the associated AMS counting errors because of changes in the radiocarbon composition of the atmosphere with time (Figures 8 and 9 ). Given these unavoidable errors, the smoothly varying age versus depth curve of the critical marine core (KNR31-GPC5) [Keigwin and Jones, 1989, Keigwin et al., 1991 ] argues for a robust timescale at this drift deposit site. Although the isotopic records from the northeastern North Atlantic are not as detailed, they are associated with an extremely large number of radiocarbon dates that have been carefully correlated and combined in the synthesis study of Sarnthein et al. [1994] . The multiple stratigraphies and radiocarbon ages used to control the Great Lakes cores place these climatic and isotopic records in a well constrained framework (Figures, 2 and 9) , and the suite of radiocarbon and U/Th dates used by Fairbanks [ 1990] also constrains the sea level history independently of the other records.
In spite of the substantial errors in the radiocarbon dates the relationships between these four data sets appear, in general, very reasonable. The nearly exact match in the timing of IACP in the GISP2record and the S13C spike in the North Atlantic core records, along with the match of the Younger Dryas onset in the GISP2 record and the onset of the cool interval of the Great Lakes are particularly impressive. The age of the end of the Main Algonquin phase and its associated rerum to a warmer climate in the Great Lakes region is a key stratigraphic point in this study. The weight of the regional evidence presented in previous studies supports an older age for the end of the regional Main Algonquin cooling than we have used in this study. New data [Yu and Eicher, 1998 , and this study] support a younger age which more closely matches the end of the Younger Dryas cold interval. In our cores this warming clearly came before the first major drop in lake levels (the Orange seismic sequence boundary in Figure 2 ) that marks the end of the Main Algonquin phase, a continuing fall in lake levels, and the outpouring of meltwaters. Thus, even without extremely accurate age control, it is clear that the regional warming associated with the end of the Younger Dryas in North America preceded the outpouring of meltwater.
A key element of our study is the comparison of the timing of the outflow surges calculated using our model with the marine proxies for NADW and sea level. In our comparison between the lake and marine sediment records, we have used the highestresolution data set available from cores taken in the deep North Atlantic. The lack of a large number of such relatively high- and Sarnthein et al. [ 1994] (Figure 8 and 9) .
Conclusions
The correspondence of our outflow records with MWP lB of Fairbanks [1989, 1990] (Figure 2, event 1) . The rapid rise of Lake Algonquin in the Main Algonquin phase is thought to coincide with a major drawdown in the Agassiz basin as it began to flow through the Superior basin (Moorhead phase).This is estimated to have begun --10, The age of earliest fall from the Main Algonquin highstand is based on radiocarbon dates on gyttja (10,650_+265 and 10,800 _+360 [Saarnisto, 1974 [Saarnisto, , 1975 ). Converted to calendar years and averaged, these ages give an estimate of 12,810 calendar years B.P. for the start of the fall of lake levels (Figure 2, event 3 ). There are several lines of evidence that point to the oscillatory nature of lake levels during and following the Main Algonquin highstand, starting with this earliest fall and continuing to the •';,-, .....  1 ,-.,.•,-I A.• .•,.,,- match the lower part of 94800-1. There is a shift up core from red/gray varves to reddish gray laminations that occurs near the marked minimum in oxygen isotope values in M 17 (190 cm) and at the base of the isotopic data in 94800-1 (763 cm). On basis of the Long Point age model this level has an age of 12,820 calendar years B.P. Within the errors involved in dating (if. 200 radiocarbon years), this is identical to the age given for the oldest fall in the Algonquin lake levels of 12,810 calendar years B.P. (Figure 2,event 3, and above) . The M17/Long Point age model takes us up to -12,600calendar years B.P. where an oxygen isotope maximum is seen in both cores. Both the M17 and 94800-1 isotopic data end at this point.
The M17 data end in a hiatus; however, the comparatively positive isotopic value at the top of the lower part of the 94800-1 isotopic data (Figure 4a) A final dated stratigraphic point that allows us to better constrain the age of the top of the gray layer comes from the pollen record. In records recovered near the Great Lakes the relative abundance of spruce pollen increases markedly from a minimum near 11,000 radiocarbon years B.P. (13,000 calendar years B.P. [Lewis and Anderson, 1989]) and is associated with regional climatic cooling and rising lake levels of the Main Algonquin. Lewis and Anderson [1989] mark the subsequent warming and shift from spruce-dominated to pine-dominated flora (along with the disappearance of significant percentages of herbs and shrubs) at 10,500 radiocarbon years B.P., just before a major drop in Main Algonquin lake levels (Figure 2, event 4) . However, Yu and Eicher[1998], in a detailed study of two small lakes just east of Lake Ontario, place this warming and pollen shift closer to 10,000 radiocarbon years. To resolve the substantial difference in age for this datum, we have dated this horizon at 10,160 +100 radiocarbon years B.P. (11790 calendar years B.P. (L. Shane, unpublished data, 1999)) in an apparently continuous section from a lake from southwestern Michigan (Emmons Lake, Kent County). We use this new date for the spruce-to-pine pollen shift in developing our chronostratigraphy.
In cores from the Huron basin, the spruce-to-pine shift occurs within the homogenous gray layer (i.e., before the end of the Main Algonquin highstand) and is found between 480 and 510 cm in core 94800-1 (L. Shane, unpublished data, 1999). Uging this tie point in the core, we estimate the top of the homogeneous gray layer to be -11,140 calendar years B.P. (Figure2, event 5) .
Core LH91-3P from Georgian Bay also contains the uppermost part of the gray layer at its base and sufficient ostracodes for isotopic measurements down to the gray layer. Although somewhat more negative than values measured in the northern Huron basin, the isotopic record from 3P can be correlated with that from the upper part of core 94800-1 (Figure4b). In core 94800-1, varves are better preserved and can be more easily counted than in 3P [Godsey et al., 1999]; thus, by lithologic correlation, correlation of the isotopic data, and varve counts, the age of the records of 3P and 94800-1 are extended up core from our best estimate for the age of the top of the homogeneous gray layer. This gives us an estimated age for the very negative isotope values found at the base of the upper varved sequence in core 94800-1 and within the isotopic record from 3P of 11,050 calendar years B.P. The interval of thicker varves within core 94800-1 [Godsey et al., 1999] also has a very negative isotopic value, estimated to have an age of 10920 calendar years B.P. (Figure 2, events 6 and 7) . We relate these sharp negative excursions in the oxygen isotope record to melt-back events associated with lake level drawdowns in the long-term fall in lake levels from the Main Algonquin highstand [Godsey et al., 1999] .
For the younger time intervals the age scale for the isotopic data (Figures 4b and 4c) 
